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We reportr t visiblei i l  lightli t emissioni i  fromf  Shottkytt  diodesi  made fromf  semiconductingse i cting polymers,l ers, 
confirmingi ing thet  discoveryi  by thet  Cambridgeidge group  [Nature[ ature 347,, 539  (1990)]. Our r resultslt( 19 0>3. 
demonstratetrate thatt t light-emittingli t-e itting diodesi  can be fabricatedf i te  by castingti  thet  polymer filmfil  fromf  
solutionl ti  withit  no  subsequentt processingi  or  heatt treatmentt t ent required.i . Electricall t ical characterizationt rization 
lly r 
revealsl  diodei  behaviori r withit  rectificationti ication ratiosti  greatert  thant  104• We propose thatt t 
tunnelingt ing of  electronsl s fromf  thet  recitifyingfying metal  contactt intoi  thet  gap statest t  of  thet  
positivee polaronn majorityrity carriersrs dominatesi ates currente t flow  and provideses the  mechanism  
04, 
for  lightli t emission.i i . 
We confirmir  thet  resultslt  of  Burroughesr ughes ett al.l. I’ and 
demonstratestrate thatt t electroluminescencel t lu inescence from  conjugatedj ated 
polymerl er diodesi  isi  a more  generall phenomenon.n. We  reportt 
lightli t emissioni i  from  diodesi  fabricatedicated withith MEH-PPV,- PV, 
poly(2-methoxy,l ( - t xy, 5-(2'-ethyl-hexoxy)-I,- ( ’- t l-hexoxy ) -1, 4-phenylene­- lene-
vinylene).’ soiu-i lene).2 MEH-PPVH- PV offers  thet  advantaget  of  beingi  l
ble ini  thet  conjugatedjugated formf rm ini  organicr ic solvents.l t . We  describeri  
devicei  fabrication,ication, simplifiedi lified because of  directi t castingti  of  
thet  semiconductingi ducting polymerl er fromfr  solution,l tion, and  we presentr t 
thet  resultslts of  electricall t ical and  opticaltical characterizationterization of  thet  
M  
devices,i , includingi luding thet  temperaturet erature dependence  of  thet  elec­l -
troluminescencetr l inescence (EL)( ) and  photoluminescencet lu inescence (PL)( ) spec­
tra.t . 
c-
Thee light-emittinght-emitting diodese  (LEDs) consist  of  a rectify­
ingi  metalt l contacttact on  thet  frontfr nt surfacerf  off an MEH-PPVEH- PV 
filmil  on  a glassl  substrate,t te, partiallytially coatedt  withith a layerl er of  
 Ds) tify-
indium/tin-oxidei ium/tin-oxide (ITO),(ITO), thet  "ohmic" contact.tact. Thee MEH­
PPV  filmsfil s arer  tetrahy-
“ hmic” EH-
preparedr red by  spini  castingti  fromfr  t tr y­
drofuranr furan orr xylenesle es solutionsl tions containingtaining 1%  MEH-PPVEH- PV 
by  weight.i ht. Thee resultingr lting MEH-PPVEH- PV filmsfil s have  uniformiform 
surfacesrf  withith thicknessest icknesses nearr 1200 A. Metaletal contactstacts (in­.& (in-
diumi  orr calcium) arer  depositedite  on  topt  off thet  polymerly er filmsfil s 
by  vacuum  evaporationration att pressuresr r  belowl  4 XX 10 -- 77 Torrrr 
yieldingielding activeti e areas off 0.04.  cm’2. . Allll processinges i  stepst  are  
in-
l ium ) 
carriedried outt ini  a nitrogenitrogen atmosphere.t s here. Silveril er paintint orr i ­
diumi  solderl r isi  used tot  connectect wiresires tot  thet  electrodes.l tr des. 
Spectroscopict s ic measurementsre ents use a single-gratingi le-grating mono-o­
chromatorro ator followedf llowed by  a photomultipliertomultiplier tubet e (PMT)( T) as 
detector.t t r. Thehe modulatedodulated signali al fromr  thet e PMTT isi  processedces  
by  a lock-inl ck-in amplifierlifier tunedt ed tot  thet  modulationodulation frequency.fre uency. 
Forr EL  spectra,tra, modulationodulation isi  achievedi e  by  applyinglying a sinu­i -
soidali al voltageltage superposedse  on  a de voltage.ltage. Forr PL  spectra,tra, 
thet e polymerlymer isi  pumpedped by  an  argonr  ioni  laserl r (457.9( .9 nm);); 
PL  modulationodulation isi  achievedie ed by  mechanicallye anically choppingpping thet e 
pumpp beam.. Thehe measurementseas re ents are  carriedried outt withith thet e 
LEDsEDs ini  a  vacuuma  cryostatryostat att pressuresres r  belowl  10 -- 44 Torr.orr. 
Figureigure 1  showss thet e EL  spectratra obtainedtained withith 3  V  ACC 
c 
superposedr osed (at(at 681 Hz)z) on  13 V  forwardforward bias.ia . Thehe room­  r o -
temperaturet perature EL  peakss nearr 2.1.  eV withith a  hintint offa  second  
peak  above  1.9.  eV.. At t 90  K, , thethe intensityintensity increasesincreases and  
 
shiftsifts tot  thet e red,e , and  thethe twot o peakss becomee clearlylearly re­
solved.l e . Figureigure 1  alsols  comparespares thethe EL  and  PL  spectratra att 
lowl  temperature.te perature. Thehe twot o spectratra aree essentiallyti lly identical.identical. 
r -
Currentrent versus voltagelt  (I-V) characteristicst ristics are shown  
for  thet  polymer/Inl er/In diodei  ini  thet  inseti t tot  Fig.i . 2.. Whileile 
(1- ) 
rampinging thet  appliedli  bias,i , yellow-orangell -orange lightli t becomes vis­
iblei l  tot  thet  eye justj st belowl  9 V  forwardard biasi  (no  lightli t isi  
i -
observed under  reversed bias).i . Aboveve 15 V,, thet  rectifica­
tionti  ratioti  exceedss 104.4 tem-
r tifica-
• Independente dent evidencei  from  thet  t ­
peraturer t re dependence off thet  I-V-V characteristicsr teristics suggestst  
thatt t ini  diodesi  fabricated from  semiconductingi nducting polymers,l ers,f rica.t  
carrierrrier injectioni j tion takest  placel  viai  tunneling.3 Standardt rd tun­t ling.3 t -
nelingli  theoryt  predicts4r icts4 
I ex: V2 exp(( - b/V) , (1)(1)ia 2 - /Y), 
where  b isi  a fittingitting parametereter thatt t depends  on thet  shape 
and  heighti t off thet  tunnelingt eling barrier.rrier. Thermionicer ionic emissioni i  
theory  predicts4icts4 
Iex:exp( -eV/nKT),Iaexp( - eV/nK‘T), (2)(2) 
whereere e isi  thet  electronl tron charge,, K  isi  thet  Boltzmannltzma n con­
stant,t t, and  n  isi  thet  qualitylity factor.t r. Figurei ure 2  displaysi lays thet  data,t , 
plottedl tted as ln(l/V’In(l/V) 2) l/V; consis-
-
vs lIV; thet  linearlinear behaviorior isi  i ­
tentt t withith thet  tunnelingt eling modell of  Eq.. (1). Thee temperaturet perature 
dependence  off thet  EL  shown  ini  Fig.i . 1 isi  consistentsistent withith thet  
( ). 
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FIG.!. Electroluminescencelectroluminescence intensityintensity vss photonhoton energyr y att 300  K  (do!.IG. 1. (dot-
ted)ted) and  90  K  (solid)(s lid) forfor ir.dium/MEH·PPV diodeiode undernder a  forwardforward biasiasirdium/MEH-PPV 
off 13 V  dcc withith 3  V  ac  superposedr ose  att 681 Hz;z; photoluminescencehotoluminescence spec­
trumtrum (dashed)(dashed) att 900 K  shownn forfor comparison.parison. 
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FIG.I . 2.2. In(l/V) vsvs l/Vfor thethe indium/MEH-PPVindium/MEH-PPV diode;diode; thethe solidsolid curvecurveIn (Z/V) I/  for 
isis thet e bestst fitfit tot  thet  tunnelingt eling expressionr ssi  [Eq.[ . (I)]; thet  dasheds  curver  isis thet  
bestbest fitfit toto thethe expressionexpression forfor thermionicther ionic emissione ission [Eq.[ q. (2)].(2)]. Thehe insetinset 
showss s thet  currentrrent vss voltagelt  characteristicr t ristic overr thet  fullf ll voltagelt  range.r . 
(l)]; 
tunnelingt ling model;l; an  increasei r  ini  luminescencel ines  efficiencyffi i  att 
higheri her temperaturest rat res wouldld be expectedt  withith a thermallyt r ally 
activatedti ate  process.r . 
Extensivet si  studiesst i s off thet  spectrals tr l featuresf t r s and  thet  an­
isotropyi tr y off thet  PL  fromfr  spin-casti - t filmsfil s off MEH-PPVEH- PV and  
fromfr  MEH-PPVEH- PV orientedri te  by  mesoepitaxys it  ini  blendsl s withith 
polyethylenel et lene revealr l thatt t thet  PL  observeds r  ini  orientedrie te  
-
MEH-PPY isi  highlyi l  polarizedl rize  parallelr llel tot  thet  chaini  orien­EH-P V ri -
tationt ti n axisi  ( >  60: 1 ratio),tio), so thet  luminescencel i e  centert  isi  anO:l 
intra-chain excitonit  (alternately( lt rnately describedri  as a neutraltr l bi­i tro-chain i-
polaron)l r n) formedf r e  fromfr  a positivesiti e and a negativeti  polaron.l r .S 
Sincei  thet  spectratr  obtainedt i  fromfr  PL  and  EL  arer  identical,i tical, 
thet  luminescentl ines t centert r isi  thet  same ini  thet  twot  cases.es. The  
’ 
opticalti al propertiesr rties off conjugatedj t  polymersl ers have been alter­lt r-
nativelyti l  describedri  ini  termst r  off an interbandi t r a  transitiontr ition (fol­(f l-
lowedl  by  structuralstr tural relaxation) 6 orr ini  termst r s off a correlatedrr l ter l x tion)6 
excitonit  modeI.7 Sincei  thet  lineli  shape off thet  absorptionr ti  spec­l .7 c-
trumtr  off orientedri t  MEH-PPY ini  polyethylenel t lene isi  accuratelyr t l  
q-rr* transitiontr ition ini  a 
EH-PPV 
describedri  by thatt t predictedr i t  forf r thet  1T-1T* 
quasi-one-dimensionalsi- - i si l semiconductor,S we approachr  thet  
mechanismi  off lightli t emissioni i  fromfr  thet  band model.l. 
s ic ct r,5 
InI  thet  LEO configuration,fi ration, carrierrrier injectioni j ti n att thet  rec­
tifyingtif ing contactt t can leadl  tot  neutraltr l (bipolaron)( i laron) excitonsit s ini  
twot  ways.. Thermalr al excitationit ti n off electronsl tr  fromfr  thet  metalt l 
enablesbl s injectioni j ti  intoi t  thet  conductionti n band off thet  polymerl er 
D r c-
(mechanism( is  2 ini  Fig.i . 3).). Afterfter thermionict r i nic emission,issi , self­
localizationl li tion willill leadl  tot  thet  formationf r ation off a negativeti  polaronl r  
self-
whichi  recombinesr i  withit  a positiveiti  polaronl r  tot  formf r  thet  ex­
citedit  statet t  off thet  neutraltr l bipolaroni l r  exciton;it ; a statet t  withit  
x-
lowerl r totalt t l energyergy thant  thet  twot  oppositelysit l  chargedr  po­
laronsl r s becausecause off thet  Coulombl  attraction.ttr tion. The excitedit  statest t  
-
decayscays radiativelyr i ti l  ass sketcheds t  ini  inseti s t A  off Fig.i . 3.. Alter­
natively,ti l , when positivesiti  polaronl r  majorityj rity carriersrri rs diffuseiff s  tot  
thet  depletionl ti  layer,l r, electronsl tr s fromfr  thet  rectifyingr tif ing contactt t 
cann tunnelt nel throught r  thet  barrierrri r directlyir tl  intoi t  thet  polaronl r  
gapp states.states. Tunnelingli  intoi t  thet  upperer gapp statest t  (mechanism( is  
1 ini  Fig.i . 3)) isis followedf ll  by structuralstr t ral relaxationr l ti  tot  thet  
excitedx it  statest t  off thet  neutraltr l bipolaroni l r  withit  radiativer i ti  decaycay 
(inset(i s t A off Fig.i . 3).). Tunnelingli  intoi t  thet  lowerl r gapp statest t  
resultsr ult  ini  ann unstablet l  configurationfi r tion (inset(i t B);); nonradiativer i ti e 
lter-
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FIG.FI . 3.3. Channelhannel forfor luminescencelu inescence andand possiblepossible currentcurrent fiowfio  mechanisms:echanis s: 
thethe bandband diagramdiagra  illustratesillustrates electronelectron injectioninjection eithereither byby thermionicther ionic emis­
sionsion (2)(2) intointo conductionconduction bandband andand subsequentsubsequent relaxationrelaxation oror byby directdirect 
e is-
tunnelingtunneling (I) intointo upperupper polaronpolaron level.level. InsetInset A  showssho s decaydecay ofof thethe excitedexcited 
statestate ofof thethe neutralneutral bipolaronbipolaron throughthrough radiativeradiative recombination,reco bination, andand insetinset 
( 1) 
B  showssho s thethe finalfinal statestate ofof thethe neutralneutral bipolaronbipolaron whichhich decaysdecays nonradia­
tively.tively. 
nonradia-
structuralstructural relaxationrelaxation causescauses thethe gapgap statesstates toto mergeerge intointo thethe 
valencevalence andand conductionconduction bands.bands. Wee propose,propose, therefore,therefore, thatthat 
thethe tunneling-injectiontunneling-injection mechanismechanis  depicteddepicted inin Fig.ig. 33 dom­do -
inatesinates inin thethe conductingconducting polymerpoly er LEOs. 
Basedased onon thethe diagramsdiagra s sketchedsketched inin Fig.ig. 3,3, thethe modestodest 
L Ds. 
EL  efficiencyefficiency resultsresults fromfro  thethe competitionco petition betweenbet een thethe ra­
diativediative processprocess (tunneling(tunneling intointo thethe upperupper gapgap state)state) andand 
thethe nonradiativenonradiative processprocess (tunneling(tunneling intointo thethe lowerlo er gapgap 
state).state). Sinceince thethe chemicalche ical potentialpotential inin thethe p-type-ty e polymerpoly er isis 
setset byby thethe partialpartial occupancyoccupancy ofof thethe lowerlo er polaronpolaron level,level, thisthis 
ra-
asymmetryasy etry mayay bebe anan intrinsicintrinsic featurefeature off thethe metal­
polymerpoly er diodes.diodes. Thishis schemesche e suggestssuggests thatthat increasingincreasing thethe 
etal-
barrierbarrier heightheight forfor majorityajority carrierscarriers andand decreasingdecreasing thethe bar­
rierrier heightheight forfor electronselectrons atat thethe rectifyingrectifying metaletal contactcontact 
wouldl  favorf r thet  lightli t emissionissi  channel.l. 
bar-
Thee datadata off Fig.ig. 44 verifyverify thisthis prediction.prediction. Figureigure 44 dis­
playsplays thethe EL  intensityintensity asas aa functionfunction ofof currentcurrent flowflo  underunder 
dis-
increasingincreasing forwardfor ard bias.bias. Thee EL  intensityintensity emittede itted byby LEOsL Ds 
4withith calciumcalciu  electrodeselectrodes (work( ork functionfunction = = 33 eyeV4)) asas thethe 
rectifyingrectifying contactcontact exceedsexceeds byby almostal ost anan orderorder ofof magnitudeagnitude 
thethe EL  intensityintensity emittede itted byby LEOs withith indiumindiu  electrodeselectrodesL Ds 
(work( ork functionfunction == 4.24.2 ey4 ). Thee quantumquantu  efficiencyefficiency (as(aseV4). 
determineddeter ined withith a calibratedcalibrated siliconsilicon photodiodephotodiode andand cor­
rectedrected forfor thethe spectralspectral responseresponse andand thethe solidsolid angleangle off thethe 
a cor-
collectingcollecting optics)optics) atat 11 rnA isis :::::: 55X 1010 - 4 photonsphotons perper elec­mA s x - 4 elec-
trontron forfor indiumindiu  electrodeselectrodes andand ::::::0.01 photonsphotons perper electronelectron-0.01 
forfor calciumcalciu  electrodes.electrodes. Thee emissione ission fromfro  thethe calcium!calciu / 
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FIG.. 4. Emitteditte  lightt intensity  recorded by calibrated  Sii photodiode  vs 
current  flowingi  throughh polymer  LEDss withith calcium  electrodes (dots)t  
and indium  electrodes (circles).les). 
LEDsMEH-PPVH-PPV Os is easilyil  seenen in a lightedte  room  at 4 V  
forwardard bias. 
The  recent inventiontion’I of  conducting  polymerer LEOsDs 
expands the possiblei  applicationsi ns for  conductingi g polymerse  
into  the  area of  active  lightt sources.s. Controllingtro ling the  energyr  
gap of  the  polymer,er, eitherr through  the  judiciousicious choice of  
the  conjugated  backbone structuret re or  through  side-chain 
functionalization,tionalization, should  make possiblei  a variety  of  colors. 
Moreover,ore ver, becauseuse of  processingi  advantagess of  semicon-i -
envi-ductorsrs cast from  solution,, large active  areas can be 
sioned. Thus,, LEOs fabricated  from  conducting  polymersi , Ds 
offer  a number  of  potentialial advantagess to  futurere technol-
ogy.%Y-
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